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(57) Cette mnvention concerne un oxygenateur de sanga  (57) A blood membrane oxygenator (10) having a
membrane (10), lequel comprend les €léments suivants: housing (12) defining a blood flow path (13), a rotor hub
un boitier (12) definissant une voie d’¢coulement (13) du 1in the form of a double lumen shaft (14), and a plurality
sang; un moyeu de rotor se presentant sous forme d'un  of distributor disks (16) each having a plurality of hollow
arbre a double jour (14); et enfin, plusieurs disques de  fibers (48) which extend across the housing blood flow
repartition (16) possédant chacun plusieurs fibres  path (13). The plurality of distributor disks (16) rotate
creuses qui traversent la voie d’¢coulement (13) du sang ~ within the housing (12) to mix the blood resulting 1n

dans le boitier. Les disques de répartition (16) tournent a ~ three-dimensional mixing, disruption of the blood
I"interieur du boitier (12) afin de mélanger le sang, et boundary layer and efficient blood oxygenation.

permettent d’obtenir un melange tridimensionnel, de
briser la couche limite du sang et d’oxygener
efficacement ce dernier.

I*I Industrie Canada  Industry Canada
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(8§7) Abstract

A blood membrane oxygenator (10) having a housing (12) defining a blood flow path (13), a rotor hub in the form of a double lumen
shaft (14), and a plurality of distributor disks (16) each having a plurality of hollow fibers (48) which extend across the housing blood fiow
path (13). The plurality of distributor disks (16) rotate within the housing (12) to mix the blood resulting in three-dimensional mixing,

disruption of the blood boundary layer and efficient blood oxygenation.
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MEMBRANE APPARATUS WITH
ENHEANCED MASS TRANSFER VIA ACTIVE MIXING

-§c NVIENLLUN

This invention relates to a mass transfer apparatus
which actively mixes a first mass with a second mass
wherein the mass transfer apparatus has hollow fiber
membranes carrying the first mass which are rotated or

10 agitated within the second mass thus providing three-
dimensional mass transfer. More particularly, this
invention concerns a blood oxygenator comprising a rotor
hub and a plurality of rotor members each having a
plurality of hollow fiber membranes wherein the rotor hub

15 supplies the hollow fiber membranes with oxygen and the
plurality of rotor members rotate within the venous blood
such that the oxygen which diffuses across the hollow fiber
membranes is actively mixed with the venous blood flow.

2. Degcription oOXf Related Arf

20 The use of membrane oxygenators to oxygenate
blood is well known in the art. One type of conventional
membrane oxygenator employs bundles of hollow fibers
retained within a cylindrical housing wherein oxygen is
pumped through the hollow fibers in the same direction as

25 the blood. The hollow fibers consist of a microporous
membrane which is impermeable to blood and permeable to
gas. Gas exchange takes place when venous blood flows
through the housing and contacts the hollow fibers. Based
on the law of diffusion the oxygen diffuses across the

30 hollow fiber walls and enriches venous blood in contact
with these hollow £fibers. Examples of this type of
membrane oxygenator are described in U.S. Patent No.
4,620,965 issued to Fukusawa et al. and U.S. Patent No.

1
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4,698,207 issued to Bringham et al. The disadvantage to

this type of membrane oxygenator is that a blood boundary

layer is formed around the hollow fibers which retards

oxygenation of blood that does not directly contact the
5 hollow fibers.

Another type of conventional membrane oxygenator
provides more efficient oxygenation of blood by positioning
blood flow substantially perpendicular or at an angle to
the hollow fiber membranes carrying the oxygen. Examples

10 of this type of membrane oxygenator are described in U.S.
Patent No. 4,639,353 issued to Takemura et al., U.S. Patent
No. 3,998,593 issued to Yoshida et al. and U.S. Patent No.
4,490,331 issued to Steg, Jr. A drawback to these designs
is that the permeability of the hollow fiber membranes

15 decreases over time and the oxygenator becomes less
efficient.

Yet another type of membrane oxygenator discloses
moving a part of the oxygenator in order to provide
increased mixing of blood flow. Examples of this type of

20 membrane oxygenator are described in U.S. Patent Nos.
3,674,440 and 3,841,837 issued to Kitrilakis and Kitrilakis
et al., respectively, (the Kitrilakis Patents) and U.S.
Patent No. 3,026,871 issued to Thomas (the Thomas Patent).
The Kitrilakis Patents disclose a blood flow path and an

25 oxygen flow path positioned between a rotor and a stator
and separated by a membrane and a wafer. When the rotor
rotates relative to the stator, mixing of blood flow occurs
resulting in disruption of the blood boundary 1layer.
Although this type of oxygenator provides a degree of

30 mixing of blood, this type of mixing results in destruction
of the red blood cells.

The Thomas Patent discloses rotating a cylindrical,
semi-permeable membrane containing oxygen in a housing
wherein blood contacts and flows over the membrane and

35 oxygen 1is transferred through the rotating membrane to the
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blood. One disadvantage of this type of membrane
oxygenator is that the permeability to oxygen and carbon
dioxide of semipermeable membranes is poor.

Yet another type of blood oxygenator device comprises
short microporous fiber sheets which are folded, twisted
and woven around a hollow shaft that carries the inlet and
outlet gas flows. The device is implanted into the
vascular system of a patient and rotated to cause mixing of
the blood. This type of device is explained in greater
detail in "A Dynamic Intravascular Lung," ASAIO Journal
1994. The problem with this type of blood oxygenator is
that the number of fiber sheets that are able to be
incorporated into the device is limited because the device
is an intravascular device and therefore, anatomical space
is limited. Furthermore, the rotation of the device within
the blood vessel may destroy the cells lining the blood
vessel.

Nowhere in the cited related art is there disclosed or
suggested a membrane oxygenator which provides effective
blood oxygenatioxi to sustain a patient for extended
durations while also providing a compact oxygenator design.
Therefore, there is a definite need for a blood membrane

oxygenator incorporating an active mixing component which
provides for effective blood oxygenation.

Accordingly, the present invention provides a blood
oxygenator having a housing defining a blood path, a rotor
hub defining an oxygen path, and at least one rotor
defining a blood path and having a plurality of hollow
fibers extending across the rotor blood path and being in
fluid communication with the rotor hub oxygen path such
that when oxygen flows through and diffuses across the
plurality of hollow fibers and the rotor rotates about the
rotor hub, active mixing of the blood occurs resulting in

Y VY TS PRy — g —— ¢ ¢ tEmem et — s s as
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disruption of the blood boundary layer surrounding the
hollow fibers.
Preferably, the rotor is a distributor disk having two

oxygen return channels, two oxygen supply channels, a first
5 spoke defining an oxygen inlet path, a second spoke
defining an oxygen outlet path and a plurality of hollow
fibers extending across the diameter of the disk and in
fluid communication with the return and supply channels.

The present invention preferably provides a plurality

10 of distributor disks positioned on the rotor hub thus,
providing additional hollow fibers and increased surface
area of the hollow fibers at which oxygenation of the blood
takes place. The specific number of distributor disks is
dependent upon the amount of surface area necessary for the

15 specific patient. For example, a larger patient requires
greater oxygen delivery and thus, more disks, however,
fewer disks are necessary for a smaller patient. Further,
the present invention provides for the surface area of the
hollow fibers to be increased by increasing the number of

20 hollow fibers on each distributor disk. Hollow fibers can
extend from both the first and second faces of each of the
distributor disk. By increasing or decreasing the number
of distributor disks and hollow fibers used in the blood
oxygenator of the present invention, the blood oxygenator

25 capacity can be tailored ¢to the specific patient
application.

The present invention further provides for each of the
plurality of rotors to be able to rotate independently of
one another such that while some rotors rotate in the

30 - clockwise direction the other rotors simultaneously rotate
in the counter-clockwise direction thus, providing an
enhanced mixing of blood. Also, the plurality of rotors
can be rotated in a back and forth motion such that the
rotors repeatedly rotate approximately 360 degrees or less,




10

15

20

25

30

CA 02286191 1999-10-08

WO 98/46339 PCT/US98/06965

and then reverse direction resulting in the blood being
agitated and the blood boundary layer being disrupted.

Baffles are preferably positioned between the
plurality of rotors in the blood oxygenator of the present
invention in order to provide an increased mixing of the
blood.

The rotor hub preferably takes the form of a double
lumen shaft defining an oxygen inlet path and an oxygen
outlet path.

The present invention provides for the plurality of
hollow fibers to be microporous such that the fibers are
impermeable to liquid and are permeable to gas. The
present invention further provides for the opportunity of
the surfaces of the hollow fibers to be coated with a
material which would decrease the wetability of the
microporous structure. An example of the type of material
used for these purposes is silicone rubber, although
numerous other polymer coatings could be used.

The present invention provides a blood oxygenator that
can be used to treat patients having acute as well as
chronic lung diseases.

Other details, objects and advantages of the present
preferred invention will become more apparent with the
following description of the present preferred invention.

BRIEF DESCRIPTION OF THE DRAWINGE
The accompanying drawings describe the present
preferred invention in which:

Figure 1 is a perspective view of the preferred
embodiment of the present invention blood membrane

oxygenator illustrating the venous blood inlet and arterial
blood outlet.

Figure 2 is a front plan view of the blood oxygenator
shown in Figure 1 illustrating the venous blood inlet.
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Figure 3 is a side plan view of the blood oxygenator
shown in Figure 1 further illustrating an oxygen inlet and
an oxygen outlet.

Figure 4 is a cutaway perspective view of the blood
oxygenator shown in Figure 1 with some of the cylindrical
gection of the housing and the rotors eliminated in order
to more clearly illustrate one embodiment of the baffles.

Figure 5a is a cross-sectional view of the blood
oxygenator shown in Figure 1 taken along line V-V and
illustrating the gas flow path.

Figure 5b is the cross-sectional view of the blood
oxygenator shown in Figure 1 taken along line V-V and
illustrating the blood flow path.

Figure 6 1is a perspective view of a plurality of
hollow fiber distributor disks mounted on a double lumen
shaft of the present preferred invention. *

Figure 7 is a perspective view of one of the hollow
fiber distributor disks shown in Figqure 6.

Figure 8 is a perspective view of one of the hollow
fiber distributor disks shown in Figure 6 with the hollow
fiber members eliminated therefrom.

Figure 9 is a side plan view of the hollow fiber
distributor disk shown in Figure 8.

Figure 10 is a cross-sectional view of the hollow
fiber distributor disk shown in Figure 9 taken along line
X-X.

Figure 11 is an enlarged view of a hollow fiber
distributor disk shown in Figure Sa illustrating the fluid
connection of the hollow fibers with the channels of the
distributor disk.

Figure 12 is a side plan view of the hollow fiber
distributor disk shown in Figure 8.
Figure 13 1is a cross-sectional view of the blood

Ooxygenator shown in Figure 5 taken along line XIII-XIII
which illustrates the baffles.
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Figure 14 is a cross-sectional view of a blood
oxygenator similar to the blood oxygenator shown in Figure
Sa which employs a series of drive rollers to impart the
rotational movement to the distributor disks.

DETAILED DESCRIPTION OF THE PREDENT PRIEFERRISL VENT ION

Although this invention is suitable for other uses it

will be described as being used as a blootd oxygenator to

support a patient. Such description is for purposes of

explanation and is not intended to limit the scope of this

invention. For example, the present invention can be used
as a kidney dialysis machine.

Figures 1-5 illustrate a present preferred embodiment
of a blood oxygenator 10 comprising a housing 12 defining
a blood flow path 13, a rotor hub in the form of a double
lumen shaft 14, and a plurality of rotors each comprising
a hollow fiber distributor disks 16. The housing 12 encases
the rotor hub 14 and the hollow fiber distributor disks 16.
The housing has a venous blood inlet 18, an arterial blood
outlet 20, an oxygen supply inlet 22 and a gas outlet 24
and is preferably made from polycarbonate. Within the
housing 12 is an inlet chamber 25 and an outlet chamber 27.
The double lumen shaft defines an oxygen inlet path 29 and
a gas outlet path 31. The oxygen inlet path 29 is in fluid
communication with the oxygen supply inlet 22 and the gas
outlet path 31 is in fluid communication with gas outlet

24 .

Referring to Figures 5-13, each of the plurality of
hollow fiber distributor disks 16 is fixedly mounted on the
double lumen shaft 14. Each of the hollow fiber
distributor disks 16 comprises (Figure 11) an interior
surface 28, an exterior surface 30 concentric to the
interior surface 28, a first face 32, a second face 34, a
first spoke 36 and a second spoke 38 and a plurality of
hollow fibers 48. The first face 32 and the second face 34
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each have an arcuate-shaped supply channel 40 and an
arcuate-shaped return channel 42. The supply channels 40
and the return channels 42 are spaced apart a defined
length 44. The first spoke 36 defines an oxygen supply
path and is connected at its distal end 39 to the
distributor disk 16 and is connected at the proximal end 41
to the oxygen inlet path 29 of the double lumen shaft 14.
The second spoke 38 defines a gas return path and is
connected at its distal end 47 to the distributor disk 16
and is connected at the proximal end 46 to the gas outlet
path 31 of the double lumen shaft 14. Each of the first
and second spokes 36, 38 act as a support for the
distributor disk 16.

A plurality of microporous hollow fibers 48 extend
across the diameter of the distributor disk 16 and weave
around the double lumen shaft 14. The hollow fibers 48
extend across the first face 32 and the second face 34 of
the distributor disk 16. The plurality of hollow fibers 48
are connected to the supply and return channels 40, 42 of
the distributor disks 16 by potting material 49 which can
be an epoxy resin. A Y-shaped return tunnel 50 and a Y-
shaped supply tunnel 52 shown in greater detail in Figures
10 and 11 connect the supply and return channels 40, 42
with the first and second spokes 36 and 38, respectively.

The hollow fibers 48 are made from a microporous
material which is permeable to gases and impermeable to
liquids. However, if the present invention is used in a
kidney dialysis machine the material of the hollow fibers
48 would have to be permeable to fluid. For oxygenation,
the preferred material is polypropylene; however, other
materials depending upon the application such as
polyethylene can be used to form the hollow fibers 48.

Sets of baffles 54, shown in greater detail in Figures
5> and 13, are interspersed between the distributor disks
16. The baffles 54 are integral disks extending from the
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inner wall of the device housing 12 toward the center of
the blood flow path, thereby defining a partition 69 within
the housing 12 in which a distributor disk 16 will rotate.
Each baffle 54 defines a central opening 55 of sufficient
diameter to allow flow from one segment of the housing 12
to the next. Additionally, the surfaces of each baffle 54
will have an elevated rib or flute 59 which will serve to
provide direction to blood flowing off the surface of the
rotating distributing disks 16. The baffle cross section
can take many other shapes.

The distributor disks 16 rotate about the axis of the
double lumen shaft 14. The distributor disks 16 can either
rotate in one direction or in a back and forth motion.
When rotating in one direction all of the distributor disks
rotate in either clockwise or counter-clockwise direction.
When the distributor disks 16 are rotating in a back and
forth manner each of the distributor disks 16 rotate in one
direction for a specified angle and then change directions
and rotate in the opposite direction for a specified angle.
This back and forth motion agitates the blood surrounding
the hollow fibers 48 thus, disrupting the blood boundary
layer. The distributor disks 16 are actuated using a
conventional electric motor 60. However, other motor
technologies can be used.

Referring to Figures 5a and 5b, the present preferred
embodiment provides for the following blood flow paths and
oxygen flow paths. Oxygen enters through the oxygen supply
inlet 22, proceeds through the inlet chamber 25, and flows
through the oxygen inlet path 29 of the double lumen shaft
14. The oxygen is then transported into the plurality of
first spokes 36 which are in fluid communication with the
double lumen shaft inlet path 29 at the first spokes
proximal end 41 and in fluid communication with the Y-
shaped supply tunnels 52 at its distal end 39. The oxygen
then passes through the tunnels 52 and supply channels 40

I - MIAIE e 180 odndBaBiethind AN Syl AMAS LM FUNA S P\ T8 /= o5 seg @ oo smissmsimn 5 5 55 Bessiesss memin s s am——g et e gy ss. e am——ss o e < e e ' e . A . . S LT . e ——— S ECr—
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and enters the hollow fibers 48, flows through the hollow
fibers 48 extending across the diameter of the distributor
disks 16 where the oxygen exchange takes place. In
accordance with the law of diffusion, oxygen travels across
the walls of the microporous hollow fibers 48 into the
venous blood while simultaneously carbon dioxide contained
within the venous blood travels across the walls of the
hollow fibergs 48 into the return gas flow path. The
oxygen/carbon dioxide mixture within the hollow fibers 48
enters the return channels 42 of the distributor disks 16
and is transmitted through the Y-shaped return tunnels 50
to the second spoke 38 and then to the gas outlet path 31
of the double lumen shaft 14.

Referring to Figure Sb, venous blood enters the blood
inlet 18, flows through the cylindrical portion 13 of the
housing 12 where the venous blood contacts the hollow
fibers 48 of the rotating distribuf:or disks 16. The venous
blood flow path is substantially perpendicular to the
hollow fibers 48 and provides for a degree of mixing and
cross-flow of blood which results in a disruption of the
blood boundary layer. Further, the rotation of the hollow
fibers 48 on each of the distributor disks 16 and the
presence of the baffles 54 between the rotating distributor
disks 16 provides for a greater degree of mixing of blood

resulting in enhanced oxygenation. The venous blood
directly contacts and surrounds the walls of the hollow
fibers 48 providing three-dimensional oxygenation. The

oxygen-enriched blood then exits through the arterial blood
outlet 20. By rotating the distributor disks 16 which
carry the hollow fibers 48 through the venous blood, three
dimensional mixing and efficient oxygenation are realized.

Referring to Figure 14, alternating counter-rotation
of the distributor disks 16 can be achieved by a series of
drive rollers 62, rotating in opposite directions, which
firmly contact the outer edge of the distributor disks 16

10
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thereby imparting rotational movement to the distributor
disk 16. When rotating in the alternating counter-rotation
manner some o0f the distributor disks 16 rotate clockwise
while the other distributor disks 16 simultaneously rotate
counter-clockwise. This alternating counter-rotation
provides for disruption of the boundary layer of blood
contacting the hollow fibers 48 resulting in increased
oxygenation. Alternatively, the disks 16 could be mounted
on coaxial shafts which are turned in opposite directions
to impart counter-rotation of the alternating distributor
disks 16.

While the present invention has been described herein,
it is distinctly understood that the invention is not
limited thereto but may be otherwise variously embodied in
the scope of the following claims and any equivalent
thereof.

11
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1. A mass transfer apparatus comprising:

(a)

(b)

(c)

(d)

a housing defining a first fluid bath and
having a first fluid inlet, a first fluid
outlet, a second fluid inlet and a second
fluid outlet;

a rotor hub defining at least one second
fluid flow path which is in fluid
communication with the second fluid flow
inlet and the second fluid flow outlet;

at least one rotor defining a first fluid
flow path and defining at least one second
fluid flow path in fluid communication with
the rotor hub at least one second fluid flow
path; and

a plurality of hollow fibers each in fluid
communication with the at least one rotor
gsecond fluid flow path and extending across
Ehe housing first f£luid flow path such that
when a first fluid flows through the housing
first fluid flow path and a second fluid
flows through and diffuses across the
plurality of hollow fibers and the rotor
rotates about t_he rotor hub, a fluid
exchange between the first and second fluids

occurs through the walls of the plurality of
hollow fibers.

2. A gas transfer apparatus comprising:

(a)

(b)

a housing defining a fluid flow path and
having a fluid inlet, a fluid outlet, a gas
inlet and a gas outlet;

a rotor hub defining at least one gas flow

path in fluid communication with the gas
inlet and the gas outlet;

12
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(c) at least one rotor defining a fluid flow
path and defining at least one gas flow path
wherein the at least one gas flow path is in
fluid communication with the rotor hub at
least one gas flow path;

(d) a plurality of hollow fibers, each of the
plurality of hollow fibers extending across
the at least one rotor fluid flow path and
in fluid communication with the at least one
gas flow path; and

wherein when a fluid flows through the housing path
and a gas flows through and diffuses across the
plurality of hollow fibers and the at least one rotor
is rotated about the rotor hub, the fluid will be
enriched by the gas as a result of the gas directly
contacting and surrounding the plurality of hollow
fibers and the mixing of the fluid.

3. The gas transfer apparatus of Claim 2 further

comprising a means for rotating the at least one rotor.

4. The gas transfer apparatus of Claim 2 wherein the

disks have channels milled therein and the plurality of
hollow fibers extend from the channels of the disks.

5. The gas transfer apparatus of Claim 2 wherein the

plurality of hollow fibers are made from a microporous

material which is substantially impermeable to fluid and
permeable to gas.

6. The gas transfer apparatus of Claim 2 wherein the

hollow shaft is a double lumen shaft defining a gas inlet
path and a gas exit path.

13
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7. The gas transfer apparatus of Claim 3 wherein the
at least one rotor is a plurality of rotors.

8. The gas transfer apparatus of Claim 7 wherein the
rotating means independently rotate each of the plurality
of rotors such that some of the plurality of rotors can
rotate clockwise while other of the plurality of rotors can
simultaneously rotate counter-clockwise.

9. The gas transfer apparatus of Claim 2 wherein the
fluid flow path 1is substantially perpendicular to the
plurality of hollow fiber.

10. The gas transfer apparatus of Claim 2 further
comprising an agitator which rotates the rotor hub and the
at least one rotor in a back-and-forth motion.

11l. The gas transfer apparatus of Claim 2 further
comprising a plurality of baffles between the fluid flow
inlet and the at least one rotor.

12. The gas transfer apparatus of Claim 2 wherein the
at least one rotor has a first face and a second face and
the plurality of hollow fibers extend from both the first
face and the second face.

13. A blood oxygenator comprising:
(a) a housing defining a blood flow path and
having a venous blood inlet, an arterial

blood outlet, an oxygen inlet and an oxygen
outlet:

(b) a double lumen shaft defining a gas inlet
path and a gas outlet path wherein the
double lumen shaft gas inlet path is in
fluid communication with the housing gas

14
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inlet and the double lumen shaft gas outlet
ig in fluid communication with the housing
gas outlet; and

(c) a plurality of distributor disks mounted on
the double lumen shaft and each defining a

blood flow path, each of the plurality of
distributor disks having:

(1)
(ii)

(1ii)

(iv)

(v)

(vi)

(vii)

an exterior surface;

an interior surface concentric to the
exterior surface;

a first face extending between the
exterior and interior surfaces and
defining a first supply channel and
a first return channel; |

a second face extending between the
exterior and interior surfaces and
substantially parallel to the first
face and defining a second supply
channel and a second return channel;
a first spoke defining an oxygen
inlet path in £fluid communication
with both the double lumen shaft
oxygen inlet path and the f£irst and
second supply channels;

a second spoke defining an oxygen
outlet path in fluid communication
with both the double lumen shaft
oxygen outlet path and the first and
second return channels; and

a plurality of hollow fibers
extending across the distributor disk
blood flow path and each of the
plurality of hollow fibers in fluid
communication with the first spoke
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oxygen inlet path and the second

spoke oxygen outlet path; and
wherein when blood flows through the housing flow
path and oxygen flows through and diffuses across
the plurality of hollow fibers and the plurality
of distributor disks rotate about the double
lumen shaft, three-dimensional mixing and
efficient oxygenation of blood occurs.
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